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The effects of exercise training on the sarcoplasmic reticulum (SR) proteins involved in Ca 2ϩ release and uptake are not as well studied, particularly in aged muscle. In response to a 12-wk moderate-intensity treadmill exercise-training program, young adult Wistar rats displayed increased DHPR content compared with control animals (41) . With 12 wk of resistance training, Ca 2ϩ -ATPase activity and Ca 2ϩ uptake were increased in elderly women but were still lower than in young women, whereas young adult women showed no change (21) . Another study showed that Ca 2ϩ -ATPase activity in resting vastus lateralis muscle was unaltered with high resistance training but showed smaller losses during exercise in young men (18) . In young adult Wistar rats, high-intensity treadmill training increased the rate of Ca 2ϩ uptake in the superficial vastus lateralis muscle but had no effect on the Ca 2ϩ -ATPase activity (27) . Prolonged aerobic training in young men caused the SR properties of vastus lateralis to become more like those of a slow-twitch muscle, whereby maximal Ca 2ϩ -ATPase activity, Ca 2ϩ uptake, Ca 2ϩ release, and SERCA1 content decreased (17) . The efficacy of exercise training in mediating these responses in aged muscle is unknown.
The majority of the exercise intervention studies that have been carried out in the aged human population have concentrated on the "younger" (55-70 yr of age) of the old age group, with very little research focused on the very old (i.e., Ն80 yr of age) age group. The same can be said of rodent studies, where the oldest ages examined have most often been at survival rates Ͼ50% (presenescent). The significance of this point is that there is an acceleration in the degeneration of muscle mass (6, 19, 25) and muscle function between late middle age (70 -80% survival rate) and senescence (Ͻ50% survival rate) (19, 48) . Thus it is important to understand the extent to which the changes in late middle age become exacerbated in senescence and whether exercise training initiated in late middle age can attenuate further decline in very old age, where severe muscle weakness and associated frailty are of much higher incidence. Furthermore, those studies that have examined senescent rodents have not employed the F344BN rat, which, as noted above, is a model better suited to studies of sarcopenia and its functional consequences (39) . Previously, we showed in male F344BN rats that between late middle age and senescence the fast-twitch gastrocnemius muscle mass declines 51% and distal hindlimb muscle aerobic performance declines 43% (19) , illustrating the critical nature of this period in the progression of sarcopenia.
Therefore, the purpose of this study was to investigate 1) if SR function is decreased in fast-twitch muscle in senescent (34-to 36-mo-old) F344BN rats and 2) if initiating a treadmill exercise-training program at late middle age and continuing the training into senescence would improve SR function in senescent skeletal muscle. We hypothesized that the increased muscle activation through regular treadmill exercise training initiated at late middle age would attenuate the decline of SR Ca 2ϩ -handling protein content and also the declines in rates of Ca 2ϩ release and uptake expected in sedentary senescent animals. Protein carbonylation was measured to give an indication of the amount of oxidative damage secondary to posttranslational modification that occurred in the muscle, since both RyR and SERCA proteins are prone to oxidative damage. We also hypothesized that exercise training would attenuate the accumulation of protein nitrotyroslation and protein carbonyl content in senescent muscle.
METHODS

Animals.
Male F344BN rats aged 7 mo (young adult, 7C) and 29 mo (late middle aged) were obtained from the National Institute on Aging colony housed at Harlan (Indianapolis, IN). All rats were allowed free access to food and water and were housed two to three per cage in a pathogen-free environment. Twenty-four late-middleaged rats were randomly assigned to the training group, with the remaining 33 late-middle-aged and 10 young adult rats acting as sedentary control groups and having only normal cage activity. A subsample of rats was randomly selected after 5-7 mo of training (35T) or cage activity (35C) for analysis of muscle properties. Thus animals were 34 -36 mo old at the time of death. The 50% survival rate for this rat strain is 33 mo (54), meaning that the 34-to 36-mo-old animals were within the senescent period. All experimental protocols were approved by the University of Calgary Animal Care Committee.
Training. The training protocol is described in detail in a previous publication from our laboratory (3) . Briefly, the rats were trained on a treadmill as described in our previous study (2) over the first 2 mo (60 min, 5 days/wk), as this was shown to yield significant benefits for skeletal muscle and whole body function in late-middle-aged animals. Rats were acclimatized to the treadmill over the first 2 wk, so that, by week 3, they were able to run for 60 min in one session. The treadmill was on a 10°incline, and the velocity was increased from 5 to 7 m/min at week 3, with increments of 0.5 m/min each week until the rats could not tolerate an increase in velocity, which occurred at week 9. After the initial 2 mo of training, the frequency was reduced from 5 to 4 days/wk, with the goal of maintaining the adaptations incurred over the initial 2 mo of training. The last training session took place Ն48 h before the rats were killed.
Tissue preparation. Rats were anesthetized with pentobarbital sodium, and the right hindlimb muscles were surgically removed, trimmed of fat, and weighed. The mixed portion of the gastrocnemius was separated from the red and white regions, and the mixed portion was used for all analyses. The gastrocnemius was processed in a buffer (pH 7.5) containing 250 mM sucrose, 5 mM HEPES, 0.2 mM PMSF, and 0.2% sodium azide (NaN 3) at a dilution of 1:10 (wt/vol) using a Polytron homgenizer (PT 10-35) on ice. Homogenates were frozen in liquid N 2 and stored at Ϫ80°C for later analysis.
SERCA activity. To examine the effects of age and exercise training on SERCA function, SERCA activity was measured at 37°C using a spectrophotometric assay as described previously (10 ]f) of each addition of CaCl2 was determined separately using dual-emission spectrofluorometry and the fluorescent Ca 2ϩ -binding dye indo 1. The data were analyzed using nonlinear regression with computer software (Graph Pad), and a sigmoidal dose-response curve was used to calculate the Hill coefficient, with pCa 50 defined as the pCa required to elicit 50% SERCA activity.
Ca 2ϩ uptake and release. Ca 2ϩ uptake and release were measured in whole muscle homogenates using indo 1 at 37°C as described previously (52). Fluorescence measurements were collected on a dual-emission-wavelength spectrofluorometer (Ratiomaster System, Photon Technology International). [Ca 2ϩ ]f was calculated with Felix software (Photon Technology International) using measurements of free and bound indo 1. The reaction buffer in this assay consisted of 200 mM KCl, 20 mM HEPES, 10 mM NaN3, 0.0005 mM N,N,N=,N=-tetrakis(2-pyridylmethyl)ethylenediamine, 5 mM oxalate, and 15 mM MgCl2 (pH 7.0). The assay buffer was heated to 37°C, and 1.0 l of indo 1, 2.0 l of 10 mM CaCl2, and 30 l of gastrocnemius homogenate were added to a cuvette containing 2.0 ml of buffer. Ca 2ϩ uptake was initiated by the addition of 40 l of 250 mM ATP. Ca 2ϩ uptake rates were measured at four different [Ca 2ϩ ]f (500, 1,000, 1,500, 2,000 nM) by differentiation of the [Ca 2ϩ ]f curve. The ratio of Ca 2ϩ uptake to activity was assessed at 2,000 nM [Ca 2ϩ ]f relative to maximal activity to provide an apparent coupling ratio, which is a measure of the efficiency of Ca 2ϩ transport by the Ca 2ϩ pump (i.e., Ca 2ϩ /ATP). The method used to measure Ca 2ϩ release was similar to that used to measure Ca 2ϩ uptake, with indo 1 used as a Ca 2ϩ indicator. The crude homogenate from the gastrocnemius was actively loaded with Ca 2ϩ in the same manner as the uptake assay. Once [Ca 2ϩ ]f had decreased to Ͻ100 nM and reached a plateau, Ca 2ϩ release was induced with the addition of 10 l of 1 M 4-chloro-m-cresol, which acts directly on the RyR to induce Ca 2ϩ release (51). The maximal Ca 2ϩ release rate was calculated by differentiation of the [Ca 2ϩ ]f vs. time curve on the initial fast phase of the release curve.
Preparation of SERCA1a and SERCA2a standards. To quantify the number of SERCA molecules per gram of total protein, it was necessary to produce a purified SERCA1a and SERCA2a standard. We utilized SR membrane fractions from the white gastrocnemius and heart muscle from sexually mature Sprague-Dawley rats as described previously (42, 53) . Subsequently, SERCA1a and SERCA2a were immunoprecipitated from the white gastrocnemius and heart fractions, respectively (14) . The purification of SERCA1a and SERCA2a was confirmed using SDS-PAGE, electrophoretic protein transfer to a polyvinylidene difluoride membrane, and Ponceau (Sigma) staining. The concentration of the purified proteins was determined using BSA as a standard.
Western blotting. Western blotting was performed to determine the expression levels of SERCA1a, SERCA2a, DHPR, RyR, and heat shock protein 70 (HSP70). To give an overall index of muscle protein oxidative damage, we quantified reactive carbonyls in homogenates of gastrocnemius muscle. To provide an index of SERCA oxidative damage in particular, SERCA nitration was assessed by measuring the amount of 3-nitrotyrosine at the molecular weight of SERCA protein in homogenates of gastrocnemius muscle. To detect reactive carbonyl content, the samples were first derivatized. Briefly, samples were diluted to 10 g/l. Subsequently, 6 l of 10 mM 2,4-dinitrophenylhydrazine in 2 M HCl were added to each sample. The samples were mixed well and allowed to react for 15 min at room temperature. Next, 6 l of a neutralization buffer (2 M Tris and 30% glycerol) and then 9 l of 2ϫ sample buffer and 15 l of 4ϫ stacking gel buffer were added to each sample. Equal amounts of protein were loaded in each lane for the respective proteins of interest as follows: SERCA1a (0.1 g), SERCA2a (5 g), DHPR (45 g), RyR (45 g), HSP70 (5 g), and 3-nitrotyrosine (15 g). The primary antibody dilutions were as follows: SERCA1a (1:20,000; A-52, gift of David MacLennan to A. R. Tupling) (57), SERCA2a (1:4,000; 2A7-A1, Affinity BioReagents), DHPR (1:1,000; 1A, Affinity BioReagents), RyR (1:5,000; 34C, Affinity BioReagents), HSP70 (1:1,000, specific to inducible HSP70; C92F3A-5, Assay Designs), 3-nitrotyrosine (1:1,000; 189542, Cayman Chemicals), and anti-dinitrophenylhydrazine (1: 20,000; SPE-7, Sigma). Gastrocnemius samples were loaded onto 7.5% (SERCAs, RyR, DHPR, and HSP70) and 12.5% (3-nitrotyrosine and carbonyls) polyacrylamide gels, and proteins were separated using standard SDS-PAGE protocols and transferred to polyvinylidene difluoride membranes (24) . The membrane used for quantification of DHPR and RyR proteins was cut so that both proteins could be analyzed from the same blot. The membranes were treated with the respective primary antibody, rinsed in Tris·HCl (pH 7.5), 150 mM NaCl, and 0.1% Tween 20, and incubated with horseradish peroxidase-conjugated goat anti-mouse IgG. The signals were detected using an enhanced chemiluminescence kit (Pierce or GE Healthcare) and captured using a Bio-Imager system (Chemi Genius) and Genesnap software (Syngene). To determine the number of SERCA molecules, a standard curve was generated using the densitometries from known amounts (0.1-1.0 ng) of purified SERCA protein (see above). The equation of the line applied to the standard curve was used to calculate the unknown amount of SERCA from the densitometry of each sample. The number of SERCA molecules was calculated by converting the mass of SERCA to grams, dividing by the molecular mass of SERCA [109,369 g/mol (SERCA1a) or 109,580 g/mol (SERCA2a)], and multiplying by Avogadro's number.
Statistics. A one-way ANOVA was used to compare all three groups (7C, 35C, and 35T), with a Student-Newman Keuls post hoc multiple comparison test. The significance level was set at 0.05 (P Ͻ 0.05). Values are means Ϯ SE.
RESULTS
SR Ca 2ϩ
-cycling properties. Maximal Ca 2ϩ -dependent SERCA activity was decreased with aging in the gastrocnemius muscle by 42% at 35 mo of age. Training did not attenuate the loss of activity, as the 35T group lost 48% compared with the 7C group (Fig. 1) . The Hill slope was not affected by age or training; however, pCa 50 was increased with age only in the 35C group, suggesting a possible increase in SERCA Ca 2ϩ affinity. When cyclopiazonic acid was added to the homogenate preparation to block all SERCA activity, no difference in background ATPase activity was seen between any of the groups (Table 1) .
Unlike SERCA activity, the in vitro rates of Ca 2ϩ uptake did not change with age or training at any of the four Ca 2ϩ concentrations (500, 1,000, 1,500, 2,000 nM). As Ca 2ϩ uptake rates showed the same effect at all four concentrations, we have only presented data for [Ca 2ϩ ] f of 2,000 nM (Fig. 2, Table 2 ). Despite a 56% difference between the mean values in the apparent coupling ratio between the 35C and 7C groups, the variability within a group was such that this did not reach statistical significance (P ϭ 0.16). The apparent coupling ratio was not affected by training in the 35T group. The in vitro peak rate of Ca 2ϩ release was decreased with age by 27% only in the 35C group compared with the 7C group. Ca 2ϩ release rate was reduced in the 35C vs. the 7C group, but there was no Values are means Ϯ SE. nH, Hill coefficient (defined as slope of relationship between Ca 2ϩ -ATPase activity and cytosolic free Ca 2ϩ concentration); pCa50, pCa required for 50% activation of Vmax; basal ATPase activity, residual activity following inhibition of Ca 2ϩ -ATPase activity. *Effect of age: P ϭ 0.02. No differences were found in nH or basal activity with age; training had no effect on any parameter. difference between the 35T and 7C groups. However, Ca 2ϩ release rate was not different (P Ͼ 0.05) between the 35T and 35C groups.
Western blot analysis of SR proteins. To assess the effects of aging and training on SR protein content, Western blotting was performed for SERCAs, DHPR, and RyR. Total number of SERCA molecules relative to total protein content did not differ between the 7C, 35C, and 35T groups (P ϭ 0.065). The number of SERCA1a molecules decreased with age by 23% in the 35C group and by 17% in the 35T group. Training was not able to significantly attenuate the decline in SERCA1a molecules with aging. The number of SERCA2a molecules was significantly increased with age at 35 mo to levels that were 4.1-fold greater than in the 7C group. Training caused a further increase in SERCA2a molecules in the 35T group to values that were 1.5-fold greater than in the 35C group and 7.6-fold greater than in the 7C group (Fig. 3) . The relative distribution of SERCA isoform content was affected by age, with all the aged animals showing a decline in SERCA1a content relative to the 7C group and an increase in SERCA2a content relative to the 7C group (Table 3) . The Ca 2ϩ release proteins, DHPR and RyR, showed no change in content in the gastrocnemius with aging or training (Fig. 4) .
Protein nitrosylation and carbonylation. Aging significantly increased the 3-nitrotyrosine content in the gastrocnemius muscle to values that were 1.8-fold greater than in the 7C group. 3-Nitrotyrosine levels in the 35T group were 2.3-fold greater than in the 7C group but were not significantly greater than in the 35C group (Fig. 5) . Overall, protein carbonylation levels were significantly increased with aging to values that were 2.4-fold greater than in the 7C group at 35 mo, when the densities of the three main bands were pooled. The 35T group also showed levels of protein carbonylation that were 1.4-fold greater than in the 35C group and 3.4-fold greater than in the 7C group (Fig. 6) .
HSP70. HSP70 content increased with age at 35 mo to levels that were 2.3-fold greater than in the 7C group. Training caused a further increase, such that expression was 1.6-fold greater than in the 35C group and 3.9-fold greater than in the 7C group (Fig. 7) .
DISCUSSION
On the basis of the sharp acceleration of both muscle atrophy and contractile dysfunction between late middle age and senescence, the goal of this study was to determine whether SR function was impaired in senescent fast-twitch muscle and to determine if exercise training, initiated at late middle age, would be able to increase skeletal muscle Ca 2ϩ -handling protein content and function in senescence. We found that maximal SERCA activity decreased in the gastrocnemius of senescent animals but was not affected by exercise training. In contrast to the decline of SERCA activity, rates of Ca 2ϩ uptake did not change with age, suggesting that the SERCA pumps became more efficient with aging. This finding may be related to the shift in SERCA isoform expression, where there was a decrease in SERCA1a (fast-twitch isoform) and an increase in SERCA2a (slow-twitch isoform), with an even greater increase in SERCA2a induced by training. Rates of Ca 2ϩ release decreased with aging in the 35C group but not the 35T group. Interestingly, neither DHPR nor RyR protein content changed with aging, suggesting that the reduced Ca 2ϩ release with aging was due to impaired RyR function. In contrast to this beneficial effect of training, reactive nitrogen species damage to the skeletal muscle proteins, as well as total muscle carbonyl content, increased with age, and these effects were exacerbated with exercise training. HSP70 expression also increased with age and further increased with training, likely in response to the increased oxidative stress (29) . Therefore, overall, there were significant alterations in SR function in senescent fasttwitch muscle with age, and these alterations were only partially counteracted by initiation of exercise training in late middle age. In addition, and contrary to our expectation, exer- cise training exacerbated the accumulation of markers of oxidative stress. As such, these results are consistent with a growing body of literature showing that the efficacy of exercise training in terms of promoting positive adaptations in skeletal muscle becomes compromised in very old age (3, 36, 44) . Ca 2ϩ uptake alterations with age and exercise. Alterations in SERCA function with aging have been inconsistent in the literature. Isolated SR vesicles from 26-to 28-mo-old fasttwitch muscles from F344 rats showed no changes with age in SERCA activity or rates of Ca 2ϩ uptake (11, 16, 56) , whereas SR vesicles from slow-twitch muscles show decreases in both SERCA activity and rates of Ca 2ϩ uptake by 16 mo of age in F344 rats (56). Our results in senescent male F344BN rats show a decrease in SERCA activity but no major decrease in the rate of Ca 2ϩ uptake in the gastrocnemius, which is a primarily fast-twitch muscle (1). Our aged rats were not only much older (34 -36 mo) than the rats used in the previous studies (26 -28 mo), but they also were a different strain (F344BN), and at these ages, decrements in muscle mass and contractile function are not as severe in F344 as in F344BN rats (39) . Therefore, the difference in age and rat strain or sample preparation (e.g., isolated SR vesicles vs. whole muscle homogenates) could explain why, in contrast to previous studies, we saw declines in SERCA function in a fast-twitch muscle.
We also investigated SERCA content to see if the decrease in activity could be caused by a lower total content of SERCA. Total SERCA content was not significantly affected by age; however, there was a shift in isoform distribution, with less SERCA1a and more SERCA2a in the old rats than in the young sedentary animals. This isoform shift was exacerbated with training, whereby SERCA2a content was even greater in the trained animals than in the age-matched sedentary rats. A SERCA isoform shift with age has not been reported previously in fast-or slow-twitch muscles of 28-mo-old F344 rats (56), and the effects of exercise training have not been investigated at these late ages. However, in young men, it has been reported that 10 wk of endurance exercise decreased the SERCA1a content, while SERCA2a remained unchanged (17) . The changes in the present study are consistent with changes at the mRNA level in gastrocnemius muscles of young Sprague- Dawley rats after 6 wk of moderate-and high-intensity training (23) and in chronic low-frequency stimulation models (33) . While the increase in SERCA2a with aging and training may have prevented a further decline in SERCA function, it is unclear whether this shift with training in the present study represents the expected training adaptation or an exacerbation of the age-related increase in SERCA2a expression. Further studies examining the mechanisms causing the shift toward SERCA2 with aging vs. endurance training are necessary to resolve this issue.
SERCA protein has a long half-life of ϳ14 days in young F344 rats, and this increases to ϳ17 days at 28 mo of age, making the protein susceptible to posttranslational modification (12) . Consistent with previous reports (43, 56), we saw increases of ϳ85% in accumulation of reactive nitrogen species damage at the 100-kDa band with age and ϳ130% in the trained animals relative to young adult controls. Interestingly, our data show that the nitrotyrosine band occurred at the corresponding molecular weight of SERCA2a, and it has been reported previously that SERCA2a is prone to nitrotyrosine damage, while SERCA1a is not (15, 56) . Although this increase in reactive nitrogen species damage likely contributed to the decline in SERCA activity we observed (since there was no net decrease in SERCA content), reactive nitrogen species damage to SERCA2a alone seems unlikely to account for the 40% decrease in maximal SERCA activity because of the high predominance of SERCA1a in this fast-twitch muscle. This suggests that, at these advanced ages, even SERCA1a becomes susceptible to oxidative damage. Notwithstanding this likelihood, if all the increase in reactive nitrogen species with aging were due to the increase in SERCA2a, it is noteworthy that the relative increase in SERCA2a with aging (ϳ400% in sedentary control vs. ϳ700% in trained) was markedly greater than the increase in reactive nitrogen species damage (85% in sedentary control vs. 130% in trained), meaning that the vast majority of the SERCA2a molecules in the aged muscles (regardless of training status) would not be harboring oxidative damage. As such, this may in part explain why the beneficial effect of a shift toward SERCA2a on SERCA pump efficiency dominated over the negative effects of the increased susceptibility of SERCA2a to oxidative damage in the aged groups. It may also explain why there was no further decline in SERCA activity in the trained animals, despite significantly more reactive nitrogen species damage in these animals.
The increases in SERCA2a content with aging and exercise training may be an important adaptive response to a more oxidative environment. In support of the view that SERCA2a expression is sensitive to muscle redox state, recently it was shown that SERCA2a protein expression in rat diaphragm was increased following glutathione depletion and a shift in muscle redox to a more oxidized cellular state (50) . The increased levels of oxidative damage in the present study suggest that the muscle was more oxidized, consistent with reports of greater mitochondrial reactive oxygen species production in aged muscles (7, 26) . SERCA2a is also more efficient at pumping Ca 2ϩ than SERCA1a (37) and would decrease the ATP required for a given level of Ca 2ϩ transport. The increase in SERCA coupling ratio in the old rats in the present study would support a protective adaptation of SERCA with age to decrease ATP use. Specifically, since the capacity for ATP production is severely compromised in aged muscle (20) , a shift toward SERCA2a should reduce the amount of ATP required to produce a given amount of force. This line of reasoning is consistent with our previous observations in senescent F344BN rat skeletal muscles, where there was a markedly lower ATP cost of maintaining force (20) . Ca 2ϩ release changes with age and exercise. There has been very little research examining skeletal muscle Ca 2ϩ release with aging and none, to our knowledge, in senescent animals.
Danieli-Betto et al. (9) observed alterations in caffeine sensitivity of the extensor digitorum longus in 24-mo-old Wistar rats, such that this fast-twitch muscle behaved more like the slow-twitch soleus muscle, a finding that could be explained by an age-related shift toward slower myosin heavy chain isoforms or age-related structural alterations to the proteins regulating Ca 2ϩ release. In the present study, decreases in the rate of Ca 2ϩ release by stimulation of the RyR with 4-chloro-mcresol were seen at 35 mo, an observation that could also be due to age-related structural changes to the protein. Consistent with this premise, we report no changes in the total content of either the DHPR or RyR, which suggests that posttranslational modification is responsible for the decrease in Ca 2ϩ release. The lack of change in RyR content with aging is consistent with previous literature in 30-mo-old Wistar rats (32) and 28-mo-old F344BN rats (38) . In contrast, the changes in DHPR content with aging have been inconsistent, with some authors showing decreases (32, 38) and others showing no change with age (8, 40) . The RyR has a long half-life (5-8 days), which is increased by 25% with aging (12) , making it susceptible to posttranslational damage. The function of the RyR is sensitive to changes in oxidation, where moderate levels of oxidation to the protein increase RyR activity and are reversible but more extensive oxidation causes an irreversible closing of the RyR (47) . Aging muscle shows greater reactive oxygen species production at rest (26, 55) , which could initially increase RyR function but, when combined with the greater half-life of the protein, could result in irreversible oxidation and cause the decrease in Ca 2ϩ release in our 35-mo-old rats. Treadmill exercise training had no impact on DHPR or RyR protein. On the other hand, the lack of difference in Ca 2ϩ release between the 35T and 7C groups suggests that training may have prevented the reduction in Ca 2ϩ release capacity with aging. However, the lack of difference between the 35T and 35C groups in this respect warrants some uncertainty in this latter interpretation.
Oxidative stress with age and exercise. There were indications of an increased oxidative environment in the old animals relative to the young adult sedentary animals, and this was exacerbated in the trained animals in the present study. Protein carbonyls were higher in all the old animals and were highest in the trained animals. Similarly, nitrosylation of the SERCA proteins was increased with aging and slightly exacerbated by exercise training. An increase in oxidative protein damage is commonly seen in aging muscles (45) ; however, exercise training in late-middle-aged animals is usually associated with an attenuation of this effect (35) . As such, our results suggest that the protective effect of exercise training in attenuating oxidative damage becomes compromised in senescent skeletal muscle.
In seeking to explain our results, we also examined the expression levels of HSP70, a chaperone protein that is known to increase in response to oxidative stress and contractile activity (29) and, in cell culture transfection studies, protects against oxidative damage to SERCA proteins (14, 49) . Our results showed that HSP70 expression increased significantly with aging and that exercise training exacerbated this effect. Transgenic studies showed that lifelong overexpression of HSP70 prevents the loss of specific force and improves recovery from damaging contractions (28) and lowers levels of oxidative damage (4) in 26-to 28-mo-old mice. However, the mice in these transgenic studies expressed 10 -20 times the normal physiological amount of HSP70, whereas in the present study the increases in HSP70 were only 2-4 times the young adult control values. Since our studies showed that this more modest level of HSP70 expression (relative to transgenic studies) did not prevent further oxidative damage, greater levels of HSP70 expression than normally seen with aging and exercise training may be required to prevent accumulation of oxidative damage. On the other hand, this degree of HSP70 induction may have offered some protection, since there tended to be an increase in SERCA pump efficiency with aging, despite the greater level of oxidative damage.
The impact of treadmill training on HSP70 in old muscle shows mixed results: Kayani et al. (22) showed a decrease in HSP70 content in old (24-to 26-mo-old) mice, while Naito et al. (30) and Starnes et al. (46) showed increases in HSP70 in muscles of aged (22-to 23-mo-old) F344 rats compared with aged sedentary animals. The results of the present study demonstrate increases in HSP70 content in senescent gastrocnemius with training, similar to the previous studies in younger rats. It is possible that the elevated HSP70 was providing some protection to SERCA and other proteins but was not able to completely compensate for the increased oxidative stress that occurred with aging and exercise training. Further studies are required to address these issues.
Perspectives and Significance
This study has shown that there is a decrease in the function of the gastrocnemius SR Ca 2ϩ -handling capabilities in senescence and that long-term exercise training initiated at late middle age has limited benefits in attenuating these changes in senescent muscle. Surprisingly, the efficiency of the SERCA pump appeared to increase with aging, which may occur to compensate for a dramatically reduced ATP-generating capacity in senescent muscle. Despite this increased efficiency and an increase in HSP70 expression, senescent muscle showed increased evidence of oxidative damage. Exercise training caused an even greater increase in protein nitrosylation and protein carbonyl accumulation and potentiated the age-associated increase in HSP70 expression. Given the limited benefits seen in the trained animals, this suggests that exercise training initiated at late middle age and continued into senescence creates a more oxidative environment that may compromise the functional benefits of training. In general, our results are consistent with a growing body of evidence showing that skeletal muscle plasticity becomes severely compromised in senescence (3, 36, 44) , suggesting that additional adjuncts may be necessary to restore the adaptive muscle response to contractile activity at very advanced age. Further studies combining exercise training with antioxidant therapies may, therefore, be worthy of examination. 
